Olivine LiFePO 4 has been studied for more than a decade as a promising cathode material for rechargeable lithium batteries. However, the low electric conductivity and tap density still hinder its large-scale commercialization.
Introduction
The rechargeable lithium battery is considered one of the most prospective energy storage technologies because of its high energy density as well as power density.
1 It has been widely used in portable electronics, and is being studied for broad applications in electric vehicles including hybrid electric vehicles and plug-in hybrid electric vehicles. 2 Moreover, it is a potential battery choice for high efficiency stationary energy storage. On one hand, it could balance the power grid by charging at valley load while discharging at peak load. On the other hand, it can be used to store and utilize the intermittent renewable energy such as solar, wind, and tide. 3 Moreover, credible market demand for rechargeable lithium batteries also comes from the sectors of communication, medicine, aerospace, military, power tools, and so on.
As one of the key components, the cathode plays a crucial role in the performance and cost of the overall battery, and is therefore the bottleneck presently constraining the fast development of rechargeable lithium batteries. 4 Layered LiCoO 2 has been the most successful cathode material since the commercialization of the lithium ion battery by the Sony Corporation in 1991, but is limited in high energy and high power applications by its low safety, high toxicity, and high cost shortages. 5 Transition metals, e.g., Ni, Mn, and Al, are then introduced into the layered structure, and series of binary and ternary cathodes that have high capacity, high stability, and high safety are obtained by tuning the composition of LiA x B y C z O 2 (A, B, C = Ni, Co, Mn, Al, etc.; x + y + z = 1). dramatically decreased in nanoscale, so is the volumetric energy/power density.
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It is therefore of great interest and importance to investigate the physicochemical properties of large particle LiFePO 4 , so as to look into the mechanisms of performance degradation comparing with their nanosized counterparts, and accordingly to design high density high performance LiFePO 4 cathodes. In this paper, micro-sized LiFePO 4 is prepared by an optimized hydrothermal method. The influence of postannealing as well as chemical delithiation on the structure, particle size, morphology, pore distribution, surface area, and electrochemical performance of intrinsic Li x FePO 4 (x = 0, 1) is comparatively studied.
Results and discussion
Pristine LiFePO 4 (LFP) was synthesized by an optimized hydrothermal route. The annealed LiFePO 4 (A-LFP) was prepared by postannealing of LFP at 700
• C followed by liquid nitrogen quenching. because pristine LFP was sealed in an ampoule under good vacuum protection. The annealing temperature of FP was chosen at 300 • C to avoid phase transition from orthorhombic to trigonal at temperatures higher than
450
• C. 35 Moreover, no obvious crystalline difference was found after postannealing for LFP or FP. The particle morphology changes to quasi-sphere and the particle size increases to D 50 = 2.13 µ m after the high temperature equilibration of LFP at 700
• C for 24 h. Due to the long time annealing, the particles are found agglomerated with a much wider size distribution. Note that liquid nitrogen quenching could also contribute to some of these transformations. Comparing with A-LFP, chemical delithiation by NO 2 BF 4 does not cause any obvious change in the particle morphology, but a large number of the agglomerated ultrabig A-LFP particles are dispersed and crushed by the mechanical and chemical forces during delithiation. 36 As a result, the particle size distribution becomes more homogeneous and the number of large particles is remarkably decreased while the nominal mean particle size is slightly increased to D 50 = 2.72 µ m. Lastly, low temperature annealing at 300
• C does not noticeably affect the particle size or morphology of FP. The battery performances of these samples were studied by prototype batteries using lithium metal as with slight differences among different cycles. One needs to note that the slope-like charge/discharge profiles are also observed in the first several cycles of FP and A-FP. The rate capabilities along with cycling are plotted in Figure 5 . In good agreement, LFP and FP are proved again to have better capacitive performance at each rate compared with their annealed counterparts. After 100 cycles at 1 C, both LFP and FP retrained ∼91% of their initial capacities. It is interesting that pristine LFP shows the best overall battery performance among the 4 samples. CR2016 coin cells were made to study the kinetics by EIS in Figure 6 . The cathodes for EIS measurements were formed by 70 wt.% active material (LiFePO 4 or FePO 4 ) , 20 wt.% acetylene black, and 10 wt.% polyvinylidene fluoride (PVDF). The spectra were collected at the open circuit voltage (OCV) after a rest of 6 h. They are typically simulated by the equivalent circuit of and R sei are the capacitance and resistance of the solid electrolyte interface (SEI) layer, respectively; Q (constant phase element (CPE)) and R ct are the charge transfer capacitance and resistance, respectively; C e and R e are the capacitance and resistance related to electron transportation in the active material, respectively; Z w is the Warburg impedance associated with Li The lithium diffusion coefficient (D) could be calculated by the following equation:
where R is the gas constant, T is the temperature (K), A is the surface area of the cathode, n is the number of for LFP, A-LFP, FP, and A-FP), and σ is the Warburg factor that is associated with Z':
where ω is the frequency. The relationship of Z' with the reciprocal square root of the frequency (ω −1/2 ) in the low frequency region is plotted in the inset of Figure 6 . Linear fitting indicates the slope corresponding to σ is Therefore, pristine LFP has the fastest Li + diffusion rate because of the favorable particle shape and the uniform particle distribution. It seems from the Table that electron transportation (R e ) contributes a large proportion of the resistance. This is understandable since these intrinsic materials were prepared without any surface coating or bulk doping modifications. In return, it verifies the feasibility of increasing electronic conductivity in promoting the battery performance of LiFePO 4 . 28 A-LFP has the lowest Li + diffusion coefficient and the highest charge transfer resistance (R ct ) with an additional C int due to the agglomerated large particles and the sphere-like morphology that is unfavorable for Li + migration. Consequently, it shows poor electrochemical performance. After chemical delithiation, a significant growth in R sei is observed for both FP and A-FP, while the latter shows a slower Li + diffusion rate and thus worse battery performance.
To fully understand the performance variation along with these treatments, the specific surface area and pore size distribution are measured using N 2 sorption isotherms and calculated using the BET method. The N 2 adsorption-desorption isotherms and pore size distributions are shown in Figures 7a-7d One still needs to pay attention to the "self-healing" process during electrochemical cycling. It starts from A-LFP and becomes more severe in delithiated materials including both FP and A-FP. As already shown in Figures 4 and 5 , the specific discharge capacity increases in the first several cycles and stabilizes at a certain level thereafter for A-LFP, FP, and A-FP. Moreover, the charge/discharge curves change from slope-like profiles to flat plateaus along with this process. In Figure 8a , in-situ synchrotron XRD was used to track the detailed structure change during charge/discharge of A-FP in the first 3 cycles. Galvanostatic cycling was operated at ∼0.2 C rate between 2.0 V and 4.4 V as shown in Figure 8b . Only a quarter of the collected XRD patterns are depicted except for the mono one in the first charge because nearly all the lithium is removed after chemical delithiation. The slight shift of the (111) peak at ∼11.57
• during charge/discharge indicates a little solid solution behavior as already discussed. 31 The electrochemical reaction generally follows a 2-phase mechanism.
Ideally, the peak intensity of LiFePO 4 increases while that of FePO 4 decreases until it totally disappears at the end of discharge. The peaks change oppositely during charging. However, the actual patterns deviate from such ideal revolution. During discharge in the first cycle, the (121) and (200) peaks of FePO 4 at ∼ 13.58
• and ∼13.81
• are broadened but that of LiFePO 4 at ∼ 13.34
• does not appear until the battery is nearly half discharged. The delayed appearance of the second phase is far more severe than reported in the literature.
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Moreover, the 2 high-angle peaks do not vanish but co-exist unexpectedly with the new ones at the end of discharge. The subsequent charge process thus starts from this stage and ends with the removal of roughly the afore-inserted lithium. Therefore, the electrochemical reaction takes place slowly and incompletely. By carefully comparing the XRD patterns at each discharged state, the intensities of (121) and (200) peaks of LiFePO 4 at 13.34
• gradually increase with the increase in cycle number. This indicates that a little more lithium is possibly inserted along with cycling. Once this "self-healing" process gets equilibrated after several cycles, lithium is (de)inserted in a relatively stable way. That might be the reason for the capacity increase along with cycling in the first several cycles. Interestingly, this phenomenon and thus the related charge/discharge behavior originates from A-LFP and is reserved in the delithiated samples of both FP and A-FP. Unfortunately, the detailed mechanism of how annealing brings about such change is still unclear. One speculation is that the release of lattice strain after postannealing might induce suppression of phase separation during charge/discharge and thus deterioration of the battery performance of Li x FePO 4 (x = 0, 1).
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In summary, although high resolution synchrotron XRD shows no obvious phase structure change, the particle size, morphology, pore distribution, surface area, and electrochemical performance of Li x FePO 4 (x = 0, 1) vary significantly along with these treatments. It can be seen from the above that, without any modification such as surface coating or atomic doping, pristine LFP exhibits the highest specific capacity, fastest charge/discharge capability, and most stable cyclability, possibly because of the homogeneous distorted diamond-shaped particles and the beneficial pore distribution in addition to the good crystallinity. As identified by Chen et al., 21 the large diamond surface in hydrothermally synthesized LiFePO 4 corresponds to the (010) plane and the so-formed thin [010] platelet greatly facilitates lithium diffusion along the b direction. The particles are uniform in size and morphology. Moreover, the as-prepared LiFePO 4 has a certain number of mesopores that are mainly distributed at around 10-70 nm with a specific surface area of about 1.95 m 2 g −1 . The mesopores are helpful for electrolyte infiltration and thus Li + migration in the electrode. Consequently, pristine LFP shows the highest lithium diffusion coefficient and the best intrinsic battery performance. After high temperature annealing at 700
• C for 24 h followed by liquid nitrogen quenching, the particle morphology is changed to quasi-sphere and the particle size is noticeably increased. Meanwhile, a large number of agglomerates are formed, making the particle size distribution much wider. Hence, the mesopores are substantially reduced and the specific surface area is clearly decreased. As a result, the battery performance is dramatically deteriorated because of the low Li + diffusion rate and the incomplete phase separation during charge/discharge. Note that a "self-healing" process with slight solid solution behavior is observed in the first several cycles possibly due to the re-equilibration of phase separation in terms of particle size, morphology, pore distribution, and even lattice strain. After chemical delithiation, nearly all the lithium is removed from A-LFP and the resulting FePO 4 preserves well the orthorhombic structure. The particle morphology does not change much compared with A-LFP, but the particles are more homogeneous, exhibiting a narrower size distribution. The ultralarge agglomerates in A-LFP are now crushed into small and uniform particles by the mechanical and chemical interactions during delithiation. Significant amounts of mesopores are generated and the specific surface area is noticeably increased. Therefore, the electrochemical performance recovers after several cycles of "self-healing". The battery performance is even comparable with that of pristine LFP although the particle morphology is not favorable for lithium diffusion anymore. However, the battery performance is dramatically degraded again by postannealing of FP at 300
• C for 24 h. The A-FP has a specific surface area of only half of that of FP although they have similar particle size and morphology. On the other hand, it has a sphere-like morphology that is not facile for lithium diffusion compared with the diamond-shaped pristine LFP although they have similar specific surface areas. What makes it worse is the pore size of A-FP moves to higher values with a much wider distribution (20-300 nm) compared with both pristine LFP and FP. Thereby, the utilization of active material during lithium cycling is depressed. Consequently, A-FP shows an inferior performance with low capacity and sluggish Li + diffusion.
In conclusion, postannealing induces severe performance degradation of Li x FePO 4 (x = 0, 1). The particle size, morphology, pore distribution, surface area, and probably lattice strain are noticeably changed after annealing. The electrochemical performance is therefore deteriorated due to the low Li + diffusion coefficient, difficult accessibility of electrolyte, and incomplete phase separation during charge/discharge. Moreover, a selfhealing process with slight solid-solution behavior along with cycling is kept after annealing. These findings could also shed light on novel design of high density high performance cathode materials for rechargeable lithium batteries, e.g., platelet-stacked mesoporous LiFePO 4 micro-balls in combination with surface carbon coating and bulk doping may be of great promise. Pristine LFP was pressed into pellets with diameters of ∼ 10 mm. These pellets were sealed in an ampoule for overnight vacuuming. After high temperature annealing at 700
Experimental

Material preparation
• C for 24 h, they were quenched by liquid nitrogen (N 2 ) . The pellets were ground and collected with a designation of A-LFP.
Chemical delithiation of A-LFP was carried out by NO 2 BF 4 in acetonitrile; 36 1.7 g of NO 2 BF 4 (100% excess) was dissolved in 100 mL of acetonitrile and 1 g of A-LFP was added. The mixture was vigorously stirred for 30 h at ambient temperature. The product was filtered and washed using methanol (CH 3 OH) several times, and was dried at 80
• C for 12 h under vacuum. The so-obtained sample is simply presented as FP.
The FP was then annealed at 300
• C for 24 h in air, and was cooled naturally to room temperature.
The resulting material is marked as A-FP.
Structure characterization
High resolution synchrotron X-ray diffraction (XRD, λ = 0.7751922Å) was employed to analyze the crystalline structure. The particle morphology was observed by an S-4800 (Hitachi) field emission scanning electron microscopy (FESEM). The particle size distribution was obtained by laser particle size analyzer at Xi'an Maxsun Kores New Materials Co., LTD. The Brunauer-Emmett-Teller (BET) surface area was characterized by an SA3100 surface area and pore size analyzer (Beckman Coulter). The nitrogen (N 2 ) adsorption-desorption isotherm was carried out by liquid N 2 at 77 K. In-situ synchrotron XRD during electrochemical charge/discharge was collected every 8 min with scans from 1.67
• to 33.13
• (2 theta, λ = 0.7018944Å).
Electrochemical performance
Swagelok half cells using lithium metal as the anode were assembled in an Ar-filled glove box. 
